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Abstract

The chemical and isotopic (*'B/'“B, ¥Sr/*Sr, *0/'°0, *H/H, *C/**C, **C, *He/’H) compositions of
groundwater from the upper aquifer system of the Salinas Valléy in coastal central California were . -
investigated in order to delineate the origin and processes of groundwater contamination in this complex

system. The Salinas Valley has a relatively deep, confined "400-foot" aquifer, overlain by a *180-foot"

" aquifer, and a shallower perched a(juifer, all made up of alluvial sand, gravel, andclay deposits.

Grouﬁdwater from the aquifers have different '*C ages; fossil (**C=21.3 pmc) for the 400-foot, and modern
(*C=72.2 t0 98.2 pmc) for the 180-foot. Fresh groundwater in all aquifers is recharged naturally and

artificially and through the Salinas River. The two modes of recharge can be distinguished chemically.

We identified several different saline components with distinguishable chemical and isotopic fingerprints. -

(1) Salt-water intrusion in the northern basin has Cl concentrations up to 1700 mg/l, a Na/Cl ratio <sea

- water, a marine Br/Cl ratio, a Ca/Cl ratio >seawater, 3"'B between +17 and +38 per mil, and g7S.r/8‘SSr "

between 0.7088 and 0.7096. Excess dissolved Ca, relative to the expected concentration for simple dilution

of seawater, correlates with ¥’Sr/%Sr ratios, suggesting base exchange reaction with clay minerals. (2)

Agriculture return flow is high in NO3 and SOy, with a ¥St/%Sr = 0.7082, 8 "'B = 19 permil; and 8 °C =

between -23.and ~17 per mil. The *H-’He ages (5-17 years) and '*C data suggest yertica1 infiltration rates
of irfigation water of 3 to 10 m/yr. (3) Non-marine saline water in the sout_herﬁ part of the valley has hjgh ‘
TDS up to 3800 mg/l, high SO4, Na/Cl ratio >1 , 5"'B between +24 and +30 per mil, and ¥'S1/*Sr =
0.70852. This groundwater @ay have acquired its geochemicél signaturg from leaching of sedimentary

rocks associated with the Coast Range marine deposits of Mesozoic to early Cenozoic age. The

combination of different geochemical and isotopic fingerprints enables us to delineate the impact of salt

, sources in different areas of the valley and to reconstruct the origin of the SO -enriched NO;-depleted

saline plume that is located west of the city of Salinas. We suggest that the latter is derived from a mixture

of different natural saline waters rather than from anthropogenic contamination.



1. Introduction

Becguse world population centers tend to concentrate in coastal areas, greundwater resources in
coastal aquifers are typically under stress due to over-use from domestic and agriculture consumption.
Consequently, the quality of groundwater has been impacted by seawater intrusion., which further limits its
future use. Salinization of groundwater is one of the main processes that affect groundwater quality in
aquifers along the coast of California [Planert and Williams,‘ 1995;K0nikow and Rielly, 1999].. Saltwater
intrusion occurs in many coastal aquifers in California including the Santa Ana basin in brange County
[Davisson et al.,, 1999b], Oxnard Plainin Ventura County {Izbicki, 1991], Salinas basin in Monterey
County [Showalter et al., 198;1], and Capitola in Santa Cruz County [Essaid, 1999]. In general, over-
exploitation results in decrease of piesometric surfaces to below natural freeh-s'aline interface and
subsequent intrusion of sea water into the pumping zones of the ceastal aquifers. However, recent salt- 1
water intrusion is not the only source of high salinity that affects the qualit)i of groundwater. In addition,‘
salinization can result from leakage of contaminated shallow aquifers.through failed well casings,
agriculture return ﬂowe, or upconing of underlying brines. Previous studies in the Salinas Valley
[Showalter et al., 1984; Heard, 1992] showed that sea water intrusion is not the only source of salinity -

because other saline sources exist in the southern part of the basin.

| In this paper we investigate the sources of the salinity in the 100 km long Salinas Valley in-
central California (Fig. 1). This aquifer is the prmcrpal source of 660x10¢ 3/y of groundwater that is
mostly used for irrigation to support a multi-billion dollar agrrcultural industry. The diversity of potential
non-point salinity sources (e.g., sea-water intrusion, agriculture return flows, connate saline water from
poorly flushed aquifers, saline water entrapped in cliay layers, and deep basin brines) requires diagnostic
tools to delineate tneir -origin and determine their impact on the ground water system. We use conservative
source and age indicators of water (Br/Cl, 80, &°H, *H-He) and the isotopie composition of the dissolved
constituents ("'B/'°B, ¥'Sr/*8r, “C, 13FC/“C) in order to identify the Salinity sources and evaluate the
recharge regimes and flow rates of groundwater in the aquifer. We hypothesize that each 'Qf the salinity
sources heis a unique geochemical ﬁngerprint that can be used to assess the relative impact of each
component on ground water quality. Even though the regional water agency (Monterey County Water -

Resources Agency) uses a 500 mg/L Cl isopleth to deﬁne the current (post-1950) “sea water intrusion



i

.'y:
b

front”, we show that this criterion can include non-seawater sources and exclude evidence for the most

recent incursion. -

2. Hydrogeological setting -

" The Salinas Valley groundwater bésin (Fig. 1) consists of four sub-areas (Pressure, East Side, '
Forebay, Upi)er Valley) and two main Watcr—bearing zones, the upper "/ 80-foot;' (55 m) and "400-foot"
(122 m) aquifers which are separated by an impermeable clay layer at ~ 80 m that is up to 30m thick (Fig.

2). A perched aquifer overlies the "180-foot" aquifef in the northern part of the valley above a clay layer

| that is usually, but not imiformly, present at a depth 215 m (the Salinas Valley Aquiclude). A deep lower

aquifer system underlies the 400-foot. The "180-foot aquifer” is up to 55 m thick. The perched and 180°

aquifers consist of Pleistocene to Holocene gravels, sands, silts, and clays, which were deposited as

-alluvial/fluvial valley fill. The "400-foot aquifer” lies at a depth of 82 to 143 m and is part of the

Pleistocene Aromas and Pliocene Paso Robles formations. This aquifer consists of poorly bedded sands,
gravels, volcanic tuff, and interbedded clays, which act as local aquitards. Greene [1970] showed that both
the 180’ and 400™ aquifers crdp out on the walls of Mohterey Bay submarine canyon, which allows direct

hydraulic connection between fresh and ocean water.

The 100 km-long Salinas Valley has been culﬁvated for over a century, with current afmual_
pur-nping' of ‘about 640 x10° m*/yr supplied predominantly from groundwater [MCWRA, 2000]. The 25-40
cm/yr of rainfall in the Salinas Valley does not sufficiently recharge aquifers with current groundWatér
demand, which far exceedi.rxg natural recharge rates (Fig. 2). Therefore, due to decreasing water level
conditions inrthe basin, the San Antonio and Lake Nacimiento Reservoirs weré constructed in 1948 and
1957, respecti’vely; to supplement irrigation requireinents (Fig.' ia). Annual average Teservoir release is
about 324x10° m*/yr to ithe Salinas River, whiéh transports the releasés‘ to the Forebay and P;essure
subareas in order to supplgment récharge [MCWRA, 2000]. ‘About two-fhirds of_ the release is recharged |
and the rest flows to the ocean. The reservoirs have supp_lementeci groundwafef demand and brought the |
basin close to hydrologic balance. Seawater intrusion has been a chronic problem for over 50 )-'ears. In the

180’ aquifer, the current “seawater intrusion front”, defined as the 500 mg/L Cl contour, lies about 10 km



inland, between the cities of Castroville and Salinas (Fig. 1). The overall hydrological balance of the

Salinas Basin [MCWRA, 2000] is presented schematically in Fig. 2. The objective of this study is to

characterize the chemical and isotopic compbsitions of each of the input components and to examine their

overall impacts on the water quality in the basin.

3. Methods and Analytical Techniques

Between fall of 1996 zmci summer of 1997 fony-éix representativé s‘amp1>e's from 37 different
locations were collected fromv irrigation and monitoring wells aﬂd surfacé waters in thé Salinas Valley.
Water samples were co]leéted ;xsing ultra-clean aci&-washed bottles for Sr isotopgs, glass bottles with air-
tight caps for *H and “C ‘(HgCIZ added as preservative), and copper tubes With’pinch clamp; for noble gas
analysis. Anéljlses of majér ions were performe.d at the Monterey C'ounty Che.mistry Laboratory. B and Li
concenﬁations were measured by ICP-MS (Element, Finnigan) at the University of California Santa Cruz.
''B and "Li intensities were normalized to a 9Be internal standard. Spike-free samples were scanned before
the analyses and no detectable léVels of °Be were found in the o_rig.i;lal samples. Br was determined by flow
injection ion analyzer (QuickChem 8000) at the Hydrological Service laboratory in Jerusalem [Vengosh

and Pankaratov, 1998].

Borog iSo‘topes were measured by negative thermal lonization mass spectrometry [Vengg;vh et
al, 1989;1994]. Samples were analyzed by a direct loading proqedum in 'which boron-free sea water and
natufal solutions wére loaded directly onto Re filaments and measured in a reverse polarity NBS-style 12"
solid-éource mass spectromefef at the University bof California Sanvta Cruz. A standard déviation of lesé
than 1.5 per mil was determined by repeat analysi_s of NIST SRM-951 standard (‘iB/1°B=4'.013tO.005);>
Isotope ratios are reported as §''B values, where 8''B = [(("'B /'°B) samble /("B /"B) NBS 951) - 1] x

1000.

Strontium was separated by cation-exchange chromatography using standard techniques. Isotope
ratios were determined using third generation Faraday detectors in static mode on a VG-54WARP mass
spectrometer at University of California Santa Cruz. Zone refined rhenium filaments were used on all

samples. All measured *’Sr/*Sr results were corrected to an ¥Sr/**Sr ratio of 0.1194 using an exponential



correction law. Correction for ¥Rb was negligible for all samples. Using this procedure, the NBS-987
standard yielded a ¥’Sr/*Sr ratio of 0.71025 (+ 0.00001; n=5) during the period in which the unknowns

WEre run.

The *0 aﬁd deuterium were analyzed respectively by using the COsy equilibfation [Epstein and
Mayeda, i953] and the zinc-reduction methods [Colerﬁan ei al., 1982}, fol-lqweid by isotopic measurements. -
All étable isotope data are feported in the usual 8 notation where 8 = (R/RSTD - 1)*1000, R represents
either the '*0/'0, D/H, or PC/C ratio of the éample, and RgTD s the isotope ratio of the SMOW or PDB
standard. The *H was analyzed by the helium-accumulation method [Surano et al., 1992] where samples ar;:
cryogenically degassed, sealed, :;md stored for 15-60 days to allo.w accumulation of *He from the tritium
d.v;'cay. The sample is subsequently degassed and the *He is isolated and measured ona VG-5400‘noble gas
mass spéctrometer. Copper tubes for dissolved nobl¢ gas analysis held air-free éamples that were vacuum
fitted to an evacuated container, the pinch clamp and copper seal was uncrimped, and the Qater sample was
~ released. The water was degassed and the noble gases of interest were isolated and analyzed [Schlo;&er et

“al., 1988].

The inorganic carbon waé acid stripped under high vacuum and purged with an ultra pure carrier
gas [Davisson and Velsko, 1994, McNichol et al., 1994]. Liberatea COQ was reduced to graphite [Vogel et .
al., 1987] and all “C concentrations were determined using thé accelerator mass spectrome;ter at LLNL.
The "“C results are reported asa pércent modern carbon (pmc) relative to a NBS ‘oxallic acid standard

[Stuiver and Polach, 1977]; CO, was split for 8°C analysis on an isotope ratio mass spectrometer.

4. Results and Discussion

Chenﬁcal and isotopic (B, Sf, O, H, C) results ;re presented in Table 1, whereas ionic ratios are
reported in Tab]e 2. “C and *He/°H results are reported in Tai:le 3. Wedistinguish between diffel;ent
groundwater types -(Fig. 3): (1) fresh groundwater (TDS<500 mg/l) in both the 180° énd 400’ aquifers in
- the north, and surface water pius shallow groundwater closely asséciated with recharge from the Salinas
River in the south; (2) salt-water i(ztrusion (SWI) affected grouqdwater in the north; (3) nz:trate-rz',ch

groundwater from the shallpw perched aquifer with high concentrations of nitrate (up to 460 mg/l) and
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sulfate (up t‘o 340 mg/); and (4) sulfate-rich groundwater (TDS up to 3800 mg/1) in the central and

southern parts of the valley. The chemical, §'*0, 8"'B, and ¥St/*Sr variations are presented in Figs. 3,4, 5

and 6.

4.1. Fresh water components

We examined two sets of fresh water in order to evaluate the chemical and isotopic compositions
of the fresh water component: ) uncontaminated gronndwater from the 180’ and 400’ aquifers from the
Pressure Area in the north; and (2) surface water plus shallow and 180’ ground water from the southern and

central parts of the valley (Tables 1 and 2).

" The freshest groundwater in our study comes from research wells in the 180’ and 400’ aquifers in
the north (14S/2E- 11A2 and — 11A4, respectively; Fig. 1) These wells are adjacent to a detention pond
(Espinosa Lake)» and < 150 m from the 1995 sea water intrusion front in the 180’ aquifer. We consider them
most repreéentative of local rneteoric recharge and will refer to them hereafter‘as “fresh groundwater”.

Fresh groundwater recharge in the southern valley is also affected by waters held in the two
reservoirs and released via the Salinas River. These waters differ chemically from direct meteoric recharge
by having higher SOy, B, and Li relative to Cl (Tables 1 and 2), reflecting their passage through the soiis
and rocks of the Santa Lucia Mountains bordering the Salivnas Valley to the west.

In addition, water in the two reservoirs in the Santa Lucia Mountains that feed the Salinas River
differs isotopically. Lake San Antonio water has 'St/%Sr ~ 0710026, 880 ~5.4, and & D —44, whereas the
same parameters in Lake Naciemento waters are 0.708852, -6.2, and —42, respectively. The difference in St

reflects the contrasting lithologies of their respective drainages. The Lake San Antonio drainage lies

“entirely within the Salinian Block that contains radiogenic Cretaceous S-type granites and Miocene

continental shelf sediments, whereas the Lake Naciemento drainage alsovincludes Franciscan mafic and -

ultramafic rocks. The difference indicates that Sr isotopes have equilibrated r]uickly through cation

exchange with the surroundmg bedrock [e.g., Johnson and DePaolo, 1994] during mflltration flow.
Reasons for the difference in 8”0 and 8D are more complex. Lake San Antonio has more surface

area which may explain the more evaporated character of the water. After correcting for evaporation using



a siope of 5, Lake San Antonio waters intersect the GMWL at substantially lighter values, suggesting
rainfall ‘at highe‘r elevatiops even though the Lake Naciemento dra'inage allso includes high mountaiﬁs.
The Salinas River has appropriately intermediate values of all isotope ratios (Table 1). Its ¥St/*Sr -
ratio of O._709078 suggests a mixing proportioh of 15% San,A;ntonio and 85% Naciémento, whicﬁ was the
resp'ectivebreservoir discharge rate in the weeks preceding sarﬁple collection [MC WRA, pers. comm., 2000].

Five wells in the vicinity of the Salinas River are listed under “fresh water” in Table 1 and show a

 range in ’Sr/*Sr ratios (0.70900 to 0.71008) that is within the range of the surface waters. All have 5'*0

values intermediate between San Antonio Reservoir and Salinas River water, and show distinct gvapora;ive
stable isotope signatures, generally lying along the e\)aporation trajectory of the Salinas River (Figv. 4a).
They are the isotopically heaviest groundwater sémplés we studied and the most likely to have been ~

directly recharged by the river

4.2. Sea-water intrusion

Saline waters associated with modern sea-water intrusion into the Pressure Area of the northern

section of the Salinas Valley (Fig. 1) have aCa-_chloride composition (i.e., Ca/(SO4+HCO3)$1) with high

Cl/TDS (0.3-0.5), low Na/Cl (lower than the marine ratio. of 0.86), and marine Br/Cl (1.5x10°) ratios.

Bas.ed on Cl concentration, the most saline well available for Samplihg, 14S/2E20B1, was about 9% sea .

water. The good correlation between the conservative ions Br and Cl, and their marine ratio (Fig. 3),

supports a seawater intrusion source for these waters.

All but one of our seawater intrusion samples (14S)3E-18E3) lie seaward of the recent “seawater
ir_nrusion front” as define_d by the regional water agency (Fig. 1). These waters héve a distincﬁve chemical -
composition (e: gl., lower SO, and B, and higher Ca, r’élative to other water types at similar Cl
concentratioh) that enables discriminating of eafly arrival of seawater intrusion from other saline waters.
This distinction is traceable eV;:n at concéhtrations <500 mg/L Cl, a threshold not reachgd by three of our

samples, which lie seaward of the front.

Seawater intrusion groundwater is enriched in Ca, Mg, Li, and Sr, and is depleted in Na relative to

diluted sea water with similar salinity (Table 2; Fig. 3). In addition, the groundwater show.a wide range of
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SO,/Cl ratios (0.02 to 0.23) relative to seawater (0.05). These changes indicate that water-rock interactions

and sulfate reduction modified the original seawater. The possible water-rock modifications are 1) base-

exchange reactions, 2) dolomitization, and 3) diagenetic transformation of carbonate minerals [Jones et al,

1999]. Assunﬁng that seawater is the original water (i.e., it has a marine Br/Cl ratio) and that Cl is -

conservative, we can test whether the apparent. Na.depletion and Ca enrichment is due to Na in the water

" replacing Ca and Mg in sorbed sites on clay minerals. We use the marine Ca/Cl and Na/Cl ratios to

calculate the expected concentrations of these elements in diluted seawater as defined by the Cl '

concentrations. Thé difference (A) between the measured and calculated Ca (and Na) is |
- A Ca = [Calmeas - (Ca/Clsw X [Cllpeas : ' .

As illustrated in Fig. 6, the values of A Ca have an inverse linear correlation with ANa (slope= -1), -
indicating a similar magnitude of Ca enrichment and Na depletion. This stoichiometry is consistent with a

ba'se-exchan‘ge reaction [e.g., Appélo and Pbstma, 1993; Custodio et al., 1987; Jones et al., 1999].

-Sr and Ca concentrations correlate positively with-*Sr/*Sr ratios (Fig. 6). These relatioﬁshjps
suggest that (1) the marine Ca concer;tration and Sr isotopic ratio (Sisr/SGSr ~0.7092) were rhodiﬁed by
base-exchange reactions, and (2) the modified Sr-and Ca-enriched groundWater was subsequemly diluted
by mixing with less radiogenic regional groundwater. Exchangeable Sr on clay minerals ‘has a high 81Sr/RSr

ratio, ranging from 0.7103 to 077280 [Bullen et al. 1997; Chaudhuri and Brookins, 1979; Chaudhuri et

al., 1987; Stueber et al., 1987; Johnson and Depaolo, 1994]. Thus, the increase of *’St/*Sr ratios over

- seawater in the intrusion area suggests that base-exchange reactions add radiogenic Sr from the clay

minerals. In contrast, Starinsky et al. ,[ 1983] demonsﬁrated that during dolomitization reagtions, thé;

87S1/%Sr ratio of the residual fluids gradually decrease towards lower 87Sf/’“’Sr ratios that are typical of
marine carbonates of ageé from Cretacéous to Recent. One would expect that recrystallization or -
dolomipization 6f Miocerie sediments in the Salinés Valley {e.g.; Montérey Formation) would result in Ca- _
enriched water with lower 87Sr/E‘fSr ratios than in modern sea water (i.e., <0.7092). However, it is likely
that the aquifer sediments are dominated by siliclasti;: deposits and that carbonate ﬁlinéfals are not re;adily
available for dolomitization _reactions. This disdnction should be‘furthe;r tested, but potentially can proQide »
ah important geochemical tool to trace the origin of saliﬁe water, and in particular to distinguish the effect

of base-exchange from dolomitization in the formation of Ca-enriched saline water.



We observed apparent conservative mixing phenomena for reactive elements like Ca and Sr, but

- these elements are significantly enriched relative to sea water (as normalized to CI). This shows that base-

. exchange reactions occur only at the early stages of the evolution of sea-water intrusion. It is possible that . '

reaction ceases once the adsorbed sites become saturated with respect to Na, and further intrusion and
mixing with local groundwater (in our case agriculture return flow) does not involve further base-exchange

reactions. -

8''B values range from +12 to +38 per mil in the most saline water, which suggests conservative

‘mixing between sea water (8''B =+39) and fresh water (+7.5 to +18) (Fig. 5). The apﬁarem conservative
behavior of boron in Salinaé Va}ley -gro‘undwatef differs from tﬁé' large isotopic fractipnatioh that occurs in
saline water from the Mediterranea.n coastal aquifer of Israel. Vengosh et al. [1994] showed that the 8''B
values of groundwatér from sait-water intrusion zone aré up to +60 per mil. Thé high Sf‘B ‘values are
associated withvlow B/Cl ratios (i.c;., lower than in seawater; Fig. 5) indicating boron removal associated

- with selective Uptéke of '°B, probably by sorpﬁon onto clay minerals [Vengosh et al., 1994)]. The difference
may fcsult from differeat lithology and also from mixing with NO,-enriched agrigulture return flows with -
lo.wer S“B (and also $1S1/%Sr values, as shown above). Hence mixing of sea water with variable fresh

~ water components adds significant amounts of UB-depleted boron that is different from the expectéd two

component mixing values (Fig. 5).

4.3. High-nitrate waters: agricultural return flow

The Salinas Valley has experienced intensive agriculture activity over the last five decades where
agricultural irrigation provides about two times more groundwater recharge than rainfall annually (Fig. 2),

resulting in elevated nitrate concentrations in shallow wells [MCWRA, 2000]. In order to characterize the

chemical composition of the agriculture-retirn flow, we examined three types of groundwater: (1) shallow

groundwater from the perched aquifer (~30m) below the agricul;uré fields in the Pressure Area (well
14S/2E-11A3); (2) nitrate-enriched groundwater from the unconfined 180-foot aquifer south of Salinas in
the East Side suba(rea; and (3) near-surface groundwater from lysimeters in a strawberry field (Azevedo) at

the northwestern end of the valley (Fig. 1).

10
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Our results show that shal}ow groundwater from the pgrcﬁed aquifer (well 11A3) has a
disﬁnctivé chemical composition with relatively high NO3 and SO4 contents ("fable 2). The high NO3
, likely reflects the extensive use of nitrogen fenilizers in this area. The high SO4 probably reflects gypsum
fertjlizer that is used to enhance permeability and is common in the northern valley where soil is ciepser.

[MCWRA, pers. comm., 2000].

Groundwater from ghe perched aquifer has low ¥Sr/%Sr ratios (0.7082) and 8''B (+19 per mil)
values, which are associated with a relati.vely high B/C]1 ratio (5x10°%). Therefore, both boron and strontium
. in_agricultufe-retﬁrn flows may have characteristically low isotopic ratios [e.g., Horan and Bohlke, 1996].
Thése_ chémiéai features are also found in deeper high-NO3 groﬁndwater from the 180-f00t aquifer in the
Pressure Area. Some saline waters from the "salt-water intrusion” part of this area have high NO3
concentrations.(Table 1), which suggests that they are mixed also with agriculturé return flows (see above).

These samples also have moderately high SO4 concentrations in addition to high HCO3, relatively low

Br/Cl and 8"B, but high B/Cl values. The low 8"'B and high B/Cl signature of the agriculture return flow

can be attributed to the general'gnrichme'nt of boron in fertilizers [e..g., Komor, 1997], or specifically, to

boron in gypsum fertilizer as indicated also by the rélaﬁvely low ¥Sr/%Sr ratios.

In contrast, nitrate-rich groundwater from the unconfined 180—f00t' aquifer south of Salinas have
diffAcrenvt chemical and isotopic compositions. They havé low SO, and B concentrations, and high 8"'B (+31
per mil to +35 per mil) and 87Sr/8f’Sr ratios (0.70895 bto 0.70967) relative to groundWater in the northern
Pressure Area. The differeﬁce implies Aifferent rechgrge sources north‘andv south of Salinas City. Sulfate
reduction is an unlikely explanation because this mechani‘sm does not explain the difference in B and Sr
isotopic compositions. Instead, we argue that the common use of gypsum fertilizers iﬁ the north vefsus its
infrequent use in the south affects the composition of underly.ing groundwater, and that boron and

strontium isotopes may be good tracers of anthropogenic sulfate but not always of nitrate contamination.

The positive corrélation Eetween high NO, groundwater and their 8'*0 (Fig. 4c) suggests that the
nitrate accurnulation in thé aquifer is associated with ain oxygen isotopic signature of an evaporative surface
water source. Similar correlations have been noted for agriculltural irrigation water recharge elsewhere in
California: in the Central Valley [Dayisson and Criss, 1993-; Nascimento et al., 1996] aric_i the Ventura Basin -

[Izbicki, 1991]. The different relationships between 580 and N O, concentrations 1n surface water versus

11
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" nitrate-enriched water '(Fig. 4c; Table 2) enable us to differentiate between the impact of the two principle
processes:b (1) irrigation that causes evapotranspiration and hence high 8'*0 and NO, levels; and (2)
enhanced recharge via the Salinas River that leads to high 80 and low NO3. Further study is required to

examine this phenomena in a larger number of groundwater samples.

In addition, the NO,-enriched ground waters are depleted in *C (8°C=-23.5 to —17 per mil)
;elative to fresh grqundwater (-13 per mil), a ciepletion that appears to vary inversely with calcite satufation :
(Fig. 7) The wateré are quite young because of intensi\}e irrigétion (sge below). Rapidly infiltfating
"agvricultural irrigation water is rich in dissolved C‘O2 and saturated with dissolyéd oxygen, The accelefa;ed
recharge rate éompared to ha_tural recharger may contribute té oxidati()-ri' and mineralization of sedimentary '
organic m.gtter, which causes the lqw 8C values observed in the nitrate-rich groundwater, Noie also that
the *C abundance decreasés with decreasing 8‘3C.f0r calcite under-saturated grou‘ndwater (Fig. 7),

consistent with an oxidation process of older sedimentary organic matter.

Groundwater impacted by high nitrates and seawater intmsion have lower 8°C values than fresh
groundwaters. The lower 8 C tends to be associated with 16wer pH values, but all have similaf HCO,
concentrations. Lower pH of the groundwater could result in lower 8°C values because contribution of
dissolved carbonic acid from soil zone COZVincreases with decreasing pH, and has only a small isotopic
fractionation with CO, gas [Mook et al., 1974]. However, if 813C in soil CQ, is =25 to —28 per mil, then
the léw grdunfiwater 8"3C values cannot be fully. éxpiained _by‘low‘ pH. Alternatively, the lowv 8‘?C may

suggest a greater influence of oxidized organic matter (-25 to —28 per mil).

The third site at which we examined the inﬂﬁence‘ of anthropogenic sources is a rese.arch.

- strawberry farm where we obtained,near~surface (~3 m) groundwater from a perched aquifer in Azevedo,’
north-west of ‘th.e Saliné's River. The site is typical of agricultural areas m California in which methyl
bromide has been extensively used for strawberry cultivatioﬂ. The shaliow groundwater has very high
nit‘ra.te and sulfate concentra&io‘ns (Table 1), Na/Cl ratio of ~1, e,xtremel)./ high Br/Cl ratios (2x10;2), and low-
¥781/*Sr ratios (0.7075 to 0.7076). The‘high sulfate and the Ca/SOy ratio of -1 suggests use of gypsum
fertilizers. The high Br/d ratios may be related to hydrolysis of methyl Bromide. in t‘he soil that 'feleases
inorganic Br to ihe shallow groundwater. A year brior to the sampling the fields in the study site had been

fumigated [M. Los Huertos, pers. comm., 2000]. The lower 'Sr/*Sr ratios are characteristic of the Pajaro



" River valley, the next drainage east of the Salinas Valley, which reaches the sea near this site [R. Hanson,

USGS, pers. comm., 2000].

4.4. High sulfate water: non-marine water from the southern valley

Bunte.;znd Smith [1981] and Showater et al; [1984] demonstrated that hxgh salinity and sulfate
groun_dwate.r is present in the southern Salinas Ve;.lliey.. Surface water from the Diable Range entefing the
valley ffom the soﬁtheast also confairis ﬁigh sulfate (MCWRA, pers. comm., 2001). We sampled two
extreme groundWater examples at San Lucas (Fig. 1; Table 1). The groundwaﬁer 1s saline Na—SO4.type,
with -conspicuously high ioné to chloride ratios relative to the mérine ra.tios (San Lucas wells, Table 2).
They also have the lowest 8H values (Fig. 4a), and.fall significantly to the right of the MWL clornpa‘red td
other groundwater. This chemical ':.ofnpoéition.differs from that of the seawater intrusion zone or‘similar:
types of Ca-chloride brines [e.g., Vengbsh et al., 1999]. We, thefefore, do nof consider this water as relict

‘ brine that évolved ffom past seawatériﬁtru\sion that could have been trapped in unflushed or adjacent
aquifers. The chemical composition suggests inteﬁsive water-rock interaétions that résulted in leaching of |
- salts to the liquid phase; the high Na contents can result from weathering of silicate rbcks, whereas the high
- SO4 can be a result of gypsum dissolution or oxidation of sulfides. Groundwéter of non-meteoric origin is

not uncommon in the California Coast Range [White et al., 1973].

The 3"'B (+24 to +30 %o) and ¥S1/%Sr ratio (0.708524) of the saline water is inconsistent with
weathering local silicate rocks which typically have 8B ‘values of ~0 %o to +10%o_and Sr/*Sr >0.710.
Instead, tﬁey indicate sedimen-tary rocks such a.s marine gypsum and carbonate whichhave a 8"'B range of
+20%o to +30%o [Vengosh et al., i992; 1991]. The Sr isotope ratio may reﬂéct disso.lutioh Qf the Miocene
Moqterey Formation. Uﬁfortunately, thé low ¥Sr/3%Sr ratio ratios of the higl;l SO, natural saline N
groundwater in the south part of Salinas valley.is i.ndistinguishable from the anthr(;pogénic jsotopic signal

typical of the Pressure area in the north.
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5. Groundwater ages

A groundwater age determination provides a quantitative means to estimate recharge and

subsurface flow rates in groundwater aquifers. For young groundwater (<50 years old), simultaneous

measurements of *H and tritiogenic *He in a groundwater sample can be used to calculate a radiometric age,

independent of the *H source term concentration, by exploiting the parent-daughter decay relationship
[Schlosser et al., 1988]. Accurate tritiogenic *He measurements entail several correction terms requiring
independent measurements of dissolved gases. In short, the tritiogenic component of *He (*He,,) follows

the relation

; ' 3 ‘ 3 ‘ 4 l o .
He He He .
’He,;='He,,| | - + rad
i He | | e @

meas air meas

wﬁere the subscript meas refers to measured cénqentrations and isotopic ratios, air refers to concentration ™
and isotépic ratio of helium isotopes derived from eqﬁilibrium and excess air dissolution [Heaton and
Vogel, 19801, and rad is the radiogenic component of helium derived from uranium-thorium decay in the
crust [Solomon et al., 19v96].vA11 measurements are reported as concentrations and isotopic ratios relati\?c to
laboratory water standafds (Table 3). Radiogenic *He is aésu_med. to be ne'gligible, and inspection of the *He
and “He concentrations shggests no mantle derived.comporie-nts in this actively faulted area. The radiogenic
‘He was computedv from the differeﬁce between measured and expected *He concentration, the latter
determined from the reiationship betwee.n dissolvea neon and argoﬁ concentratioﬁs (Fig. 8). Relative
solubility of argon to neon varies insignificantly over the temperature range in the Salinas Valley, and their
covariance.due to excess air éhould be inverseiy linear. Altitude effects on ﬁoble gas concentrations are

: assumgd to be-négli gible.vNote that fbur groundwaters sampled froﬁl the 180 foot aquifer have radiogenic
*He éoﬁtributions thch b]ot off thé predicted line in Fig. 8, and for which calculated correction terms are
given in Table 3. The radiogenic “He suggests that an older groundwater component may be mixing with
-younger récharge in these Samples [e.g. Mazor and Bosch, 1992]. Although thi; signal is gfeatést in a
.sulfate-enriched sample in the “Banana Belt” area; discussed.below,. the signal is present alsé in éther water

types. We attribute its distribution to pockets of older water randomly distributed throughout the basin.
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Conversely, wideépread young mixing component(s) are ind_icated by the *H-’He age results.
Tritium concentrations range from 4 to 19 pCi/L, with the lowest concentration in ISS/4E-23M1, which
had thé highest radiogenic “He (Table 3). Tritium concentrations are used to compute the *H-"He ége using
the relatién |

Age=17.9 In 1+;H:1_* N )

where *He* is the tritibgenic 3He. Computed ages range from 5 to 38 'years before 1997 (Tablé 3). The
oldest age is from well 14S/2.E-36E>1, the high sulfate groundwater sample noted a_bbve, whose large
radio.ge-nic “He correction results in an appreciable error in the age estima;e (£10 years). The weak
correlation between *H concentrations and *H->He computed ages indicates that the °H is unu?ually low for
all sampieé even for this coastal environment. For example, *H fallout ‘con.centratiqn in rainfall from 1963-
1973 near the coast at Santa Maria, CA averaged around 550pCV/L. Furthermore, the youngest groundwater
age of 5 years, from fresh meteoric groundwater in 180" aquifer well 14S/2E-11A2 in the north, has a 3H‘
concentration of only 10 pCi/L. In contrast, river recharge groundwater in well 15S/3E-25L1 from the same

aquifer in the south, has a nearly identical age of 6 years, but a *H concentration of 17pCi/L. As a

éompaﬁson, *H concentrations ranging from 15-20 pCi/L are commonly observed in undiluted one year old

groundwater-in southern coastal California [Davisson et al., 1999]. This suggests that young recharge into
the Salinas Valley groundwater undergoes appreciable dilution with older non-tritiated groundwater in

order to produce the observed low *H concentrations.

The unusually low *H concentrations could also result from crop irrigation using a non-tritiated

‘'water extracted from deep groundwater sources. Its application to the surface and relatively rapid re-

infiltration may lead to incomplete equilibration with ambient *H levels. These return wate_rs,éould also mix

with infiltration from annual precipitation and acquire additional *H, however, precipitation and crop

* irrigation are normally seasonally offset. Moreover, in the southern Salinas Valley, irrigation water is-

'commonIy diverted Salinas River, which would already have ambient 3H concentrations. Nevertheless, in '
the northern valley, irrigation water commonly is supplied by groundwater pumping, and incomplete
equilibration with ambient *H levels during infiltration of return water may explain some of the unusually

low *H concentrations. Even though different source waters could lead to this possible geographic
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 variability in the *H input function, the initial *H values computed from *H-’He determinations indicates -

concentrations are appreciably lower than historical records predict.

In general, *H-’He ages are ~5 years for groundwater from the 180" aquifer in the northern -

valley, and 10 to 20 years for shallow ground waters apparéntly recharged from the Salinas River in the

~ south (Table 3). Recharge rates in the Salinas valley and in the Central Valley of California, are high due to

extensive agriculture irrigation [Criss and Davisson, 1996]. On average in the Salinas Valley, ~0.7m of
water is estimated to be applied per hectare each year for irrigation, of which a third is thought to recharge

the underlying aquifers [MCWRA, 2000]. Assuming piston ﬂoW during agricultural recharge, and an

average aquifer porosity of 25%, a <1m/yr recharge to the saturated zone is expected under irrigated areas -

of thé Salinas Vauey. Computing genéral vélocities using the 3H-3He,_ages in Table 3 and aq\iifer depths in
Fig. 2 leads to vertical transpiort rates of 3-10 m/y. Given the isotopic evidence for mixing between old and
young groqndwater, the higher suégested recharge rates can be explained by dispersive flow. In addition,

mixiﬁg of different aquifer depths caused by multiply perforated or long screen intervals in wells cannot be

complétely' ruled out and could lead equally to this effect.

Radiocarbon concentrations were méasured for teﬁ groﬁndwater sémples and range from.21 to
103 pme. The "C values in all river associated groundwaters exceed 100 pmc, and valués in both high
nitrate groundwaters afe above 72 pmc. One fresh groundwater from the 400 foot aquifer had 21pmc
indicating an old age, whereas an equally fresh groundwater from the 180 foot aquifer had 77pmc. The
older age from the 400-foot suggests that curreﬁt ekploitation of this aquifer extracts Water without natural
balance and repleni‘shment compensation, which makes this aquifer more vulnerable to contamination and
over exploitation. In contrast, .agricultural irrigation water rechérgé in the overlying 180-foot aquifer is

rapid, as also indicated by the young ‘H-He ages. -

6. Mixing of groundwater components

Mixing of groundwéter components is ubiquitous, and reflected in the Salinas Valley in the

evidence for randomly distributed pockets of old water with high 4He, and the widespread presénce of

- young shallow tritiated water. Also, the relationships between Cll and other dissolved salts (Fig. 3), 810
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and Cl, and 880 and NO, (Fig. 4) all reflect mixing of different components. The mixing process is clearly

identified using conservative non-reactive tracers (e.g., Cl, 8'80). In contrast, the variations of reactive

elements (e.g., B, Sr, Ca,‘ Na, C) are additionally affected by water-rock interactions which can be specified.

qualitatively from the nature of the mixing characteristics observed. This is demonstrated, for example, by

the 8''B-B/Cl relationéhip (Fig. 5) that demonstrates the mixing of sea water with two different water types

(fresh and non-marine), as well as retention of boron by clay minerals associated with !B enrichment and

overall decrease in elemental boron [e.g., in Israel: Vengosh et al., 1994]. Since most of the groundwater

sainples were collected from production wells with a large screen length (Table 1) the mixing phenomena

are predictable. This situation is typical of many‘groundwater basins, worldwide, where monitoring
research wells are scarce. We argue that the use of geochemical and isotopic tracers enables us to delineate

the different groundwater components, even though most of the samples do not represent a final “end-

- member”.

ambiguous oﬁgin west of Salinas, that is characterized by high sulfate but low nitrate’ (Fig. 1). The region is ’

However, there is at least one coherent region of relatively high salinity groundwater of

known locally as the “Banana Belt” because of its milder climate. Heard [1992]. argued that the high

sulfate in this area results from agricultural return flows. However, their relatively high ¥St/*Sr ratio

(0.7087 to 0.7100) differ from the low ratios associated with high nitrate agricultural return flow (see

abdve). In addition, no correlation has'been observed between depth of the wells (Table 1) and sulfate

concentrations.

Seleéted portions of Figure 3 are shqwn in expanded scaie in Figure 9, in which the open squares
are from the “Banana Belt”, and are below the 500 mg‘CVL definition for “seaiyater intrusion f;ont’;’. Their
iqcations are shown in Figure -1 LAll of the waters except the two closest to the “seawater int;usion front”
(14S/2E-25D4 and —26P1:’idenvtiﬁed by arrows in Fig. 9) lie.on a. mixing line between river-associated
fresh water and the non-marine water of the southern valley that we attribute to >extensive wéter-rock _
i‘nteraction. Two Samples do not lie on the mixing line, gnd have the highest chloride concentration and low

Na. Deviations from simple mixing are even more widespread for sulfate and boron (Fig. 9). Moreover, the

chemical composition of the most saline groundwater in the “Banana Belt” is similar to saline groundwater

_associated with seawater intrusion (closed ’sqhares; Fig. 9). Consequently, we believe that Banana Belt
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samples are affected by fhree principle sources: (1) recent sea water intrusion that extends land-ward of the
500 mgCl/1 front; (2) lateral flow of non-marine SO,-enriched saline water from the south; and (3) fresh
recharge that is typical of the southern vélley. Water quality measurements from the 1930'sand 1940’s

[Warren et al., 1946] showed that high-SO4 groundw'éter already existed in thg areaat that time.

We suggest that exténsive pumping of groﬁndwater, which began in the 1920’s, resulted in
lowered water levels and formation of a hydrological depréssion, and consequently, enhanced flow of.

saline groundwater from the south and development of the seawater intrusion front. Freshwater recharge

. ‘through the Salinas River has reduced the salihify of the groundwater flowing from the south, particularly

in areas where the river is located in the Cénter of the Yalley (e. g soﬁth of the Banana Belt). This.rrﬁght
explain the lack of continuity of s’ali_nity in the vélley, e;len théugh fhe waier level data suggest‘ continuous
flow from south to north [Showalter et al., 1984]. vA—thirdv saline compo‘ne.nt’ fhat is derived from agriculture
return flow is identified regionally in the sh’allow aquife_r, in some wells that are located north of the sea
water intmsion front (wells 14S/2E-11C1, -34N1, and ;3F2), but not within the Baﬁan’a Belt (Fig. 1). This
suggests that the Salinas Valley Aédiclude, which confines the 180’ aquifer in the northern part of the
valley (Fig. 2), is not uniform throughout the Pressure Area. The laék of sealing in soiné areas resulted in
faster arrival of NO,-enriched agricﬁlture return flow. In other cases, such as thg: Banana Belt, we suggest

that the clay layer provided good protection from return flow, but nonetheless could not prevent lateral

. migration of the saline fluids.

7. Conclusions

Traditional investigations of groundwater resources usually utilize geological, hydrological (e.g.,
water levels), and water quality data in order to establish a conceptual model for the investigated aquifer..
Such data are, however, not always fully available. Moreover, in areas under local or international displite,

the hydrological data may not be released for a variety of reasons. In order to overcome these obstacles, the

geochemical approach used in this study provides a ‘snap-shot’ observation for the recharge regime, rate of

replenishment, sources of salinization, and mixing phenomena in the aquifer. The combined

. hydrogeological_rand water qualit_y framework ca_ﬂ be used for a conceptuai model of the investigated
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aquifer. It should be emphasized that each of the geochemical and iSotopio tracers illuminates different

aspects of the hydrological story. Together they provide an integrated picture and further strengthen the

- reliability of the conceptual model.’

Our results provide diagnostic tools that trace the impacts of extensive extraction, irrigation, and
soil amendment practices over a complex coastal aquifer system. We show that the chemical and isotopic
compositions and age of pristine groundwater are modified as the hydrological balance is changed and

external fluids of lesser quality enter the aquifer and mix with fresher recharge. The combination of the

hydrogeological structure (e.g., a confining clay layer overlying the aquifer), hydrological balance between

extraction and natural replenishment, human activity, and interaction with external saline fluids (e.é., sea
\ivater intrusion, non-marine saline groundwatér) determines the level and extent of contamination. Mixing
with Saline fluids also triggors water-rock interactions such as base-exchange reactions,‘oxidation of
organic matter, dissolution or carbonates, énlfate reduction, and nitrification. Ini,par‘ticular, we characterizé

the chemical and isotopic compositions of each of the major components that affect the upper aquifer

system of thé Salinas Valley as follows (Fig. 2).:

(1) Natural replenishment in the northern basin is characterized by low dissolved salts, low 8'*0, and rapid

recharge to the upper 180’ aquifer.

(2) Enhanced replenishment from the Nacimiento and San Antonio Reservoirs via the Salinas River in the
southern valley, is characterized by high 80 and low NO3/Cl ratios, and potentially by high ¥Sr/*Sr

ratios.

(3) Sea-water intrusion into the northern valley increases the groundwater salinity and is accompanied by
base-exchange reactions. As a result, saline groundwater associated with sea water intrusion becomes

relatively enriched in Ca and ¥78r, and depleted in Na.

(4) Non-marine saline ground water flow from the south is characterized by relatively high concentrations

of total dissolved solids, in particular SO, and B relative to Cl.

. (5) Agricultural return flow has high concentrations of NO; and becomes enriched in 80 (due to

evaporation) and depleted in *C (oxidation of organic matter). Different fertilizer applications can be

distinguished by the chemical and isotopic compositions of associated groundwater. In areas where gypsum
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fertilizers are applied, the contaminated groundwater becomes enriched in.SO4 with low 8''B and ¥Sr/*Sr

-atios. In areas of methyl bromide fumigation the underlying groundwater is enriched in Br.

Our results also demonstrate the sensitivity of age-dating tools *He-*H and "“C) to contamination

' processes. In over-exploited basins, where the original groundwater is extracted and then returned to the

aquifer as agriculture return flow, we observe young %He-3H agés as well as low tritium concentrations and
radiogenic “He. This reﬂe_cts rapid arrival of .modem recharge Vmix'ed with remnants of old grouﬁdwater.- In
contrast, the low “C valueé‘(ZO pmc) of groundwater from the deep 400’ aquifelj relative to high "“C values
(72 10 103 pmc) in the ubper 180’ aquifer cleayly reflects the non-renewab}e nature of.deep groundwater,

where naturally good water quality is replaced by the poorer qualify of modern recharge of the shallow

aquifer.
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Figure Captions ‘
Figure 1. Location maps for the samples studied, at increasingly greater scales. Well locations are marked.
by symbols that denot-e the predominant chemical component. Well names are the final digits of the
MCWRA designations; the Township/Range préﬁces are omitted. The sinuous hatchured line shows the

location in 1997 of the 500 mg/L. isopleth contour and marks the “seawater intrusion front”.

Figure 2.'Schematic hydrogeological cross-section of the Salinas Valley aquifer system and principle flow
components of the basin. The'hydrOgeological cross-section was modified from Showalter et al. [1984].

The numbers in parentheses are the estimated annual flow volume in 10° m®. Values for the flow

components was taken from both MCWRA [1995] and MCWRA [1997] Salinas Valvley Iht_egrated Ground

and Surface Water Model Update, May 1997 (Montgomery Watson). -

Figure 3. Chloride versus TDS and other major dissolved salts in groundwater from Salinas Valley as
compared to diluted sea water {(dashed line). Note the distinction between the different water types (Table

1): fresh groundwater from the northern basin (open circles), surface water (reservoirs and Salinas River

v (closed circles), shallow fresh groundwater associated with the Salinas River (circles with a point), high

- sulfate non-marine groundwater from the southern valley and Banana Belt (open squaress), groundwater

associated with sea-water intrusion (closed squares), and high-nitrate groundwater (open triangles).

Figure 4. 3'%0 versus 8°H (A), chloride concentration (B), and nitrate (C) of thé different water vgr_oups from -

Salinas Valley (D). Symbols for the different water types are as in Fig. 3. Note the displacement of most
water to the right of the GMWL due to relatively lower 8'*0-8H slope of surface water and river- ‘
associated-groundwater that reflect evaporation processes. Also note the positive relationships. correlation

between 8'°0O and nitrate contents.

Figure 5. "'B versus molar B/Cl ratio of different water types from the Salinas Valley (symbols are as in
Fig. 3) and saline groundwater from the Mediterranean coastal aquifer of Israel (squares with a cross; data
from Vengosh et al., 1994). The dashed lines represent possible mixing between sea water and fresh

gr‘oundwater in the northern basin (N) and river water in the southern valley (S).'Alternatively, the lines can
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represent water-rock interactions accompanied by boron adsorption. In cbntra_st, in the mofe saline
groundwater from Israei, the 3"'B values are higher than that of seawater due to isq“topic fractionatién
associated with extremé boron adsorp;ion, the groundwatef associated with'seawé.ter intrusion in the
Salinas Valley have lower 8''B values. _Ndig that the three nitfaﬁe contaminated sea watér intrusion sarhples

(marked by arroWs) have higher B/Cl ratios reflecting some fertilizer input.

Figure 6. S/8Sr fatio versus calcium (A) and strontium (B) in groundwatef associated with sea water
intrusioq from the Salinas Valley. The ACa and ANa values (C) are respective depletion and enrichment of
these.elements relative to those of diluted sea water with a sinﬂlar salinity (see text ftor quantifative
definition). Note the increase in ¥St/¥’Sr ratios with calcium and stroﬁtium c_oncenfrations as weil as with

the relative enrichment of calcium (D).

Figure 7. Calcite saturation index versus 81°C of groundwater in Salinas Valley. Symb.ols are as in Fig. 3.
Most groundwater in the Salinas Valley is either a; or near calcite saiuration. However, few samples
associated with high-NO, groundwater (oﬁen triangle) show calcite undersaturatiori, low pH, and low &"*C
values. A concomitant decrease is gssociated with 8'°C and saturation decrease, suggesting a process

oxidizing soil organic matter.

Figure 8. Ne/Ar versus ‘He/Ne ratios of groundwater from Salinas Valley. Helium-4 excesses are clearly
shown for at least four of the groundwater sémples analyzed from the Salinas Valley, by their deviation
from an equilibrium-excess air mixing line. The radiogenic helium is consider evidence for mixing with

older, untritiated groundwater.

Figure 9. Chloride versus sodium, sulphate, and boron concentrations in saline groundwater from the
southern basin and the “Banana Belt” (open squares), fresh groundwater from the southern basin (closed
circles), and sea water intrusion water (closed squares). The similarity to sea-water intrusion of the two

Banana Belt sarﬁples collected closest to the sea water intrusion front (Fig. 1) suggésts that they are the

edrliest stages of seawater intrusion. The four “sea water intrusion” samples lie seaward of the officially
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recognized fronf, and three of them have enormously high nitrate due to dilution by agricultural return -

flows.

Table Captions -
Table 1. Chemical (units in ing/l) and isotopic compositions of ground and surface water from Salinas
valley, California. 8'%0, 8°H, 8"°C, and 8"'B values are reported in per mil values relative to SMOW (O,H),

PDB (C), and NBS-SRM-951 (B) standards, respectively.
Table 2. Ionic ratios (in equivalent units) of different ground and surface waters from Salinas Valley.

Table 3. Noble gas, *He, “He data, and calculated ages, radiogenic helium, and excess air.
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Well aquifer/site . Welt depth Screen . Date T pH Ca Mg Na K Li Sr Cl Br - S04 HCOB‘ NO3 B §"%0 D $Pc §''B ¥Srsr e

(m) interval (m) o . ] . . (%0) (%) %) (o) . kPMC)
Ground fresh water ’ : .

Northern Basin :
0.035 -6.13 16.8  0.709008

14S/2E-11A2** 180° (Nonhem basin) 76.2 57.9-73.1 21/1/1997 - 20 1.7 48 14 32 23 00056 0241 28 0.09 5 203 1
14S/2E-1JA2** 180" Northern basin} 76.2 - 57.9-73.1 70111997 - 205 46 14 28 2.1 00046 0278 25 -0.15 8 202 3. 0.029 653 -432 -131 184 0.709001
14S72E-11A4** 400, deep 149.4 137.2-146.3 - 21/1/1997 - 22 7.6 43 13 41 3 00171 0271 37 0.05 9 i87 3 0.049 -6.30 7.5 0.708990
14S72E-11A4** 400', deep . ) 149.4 '137.2-146.3 77771997 ) 22.6 39 12 36 22 00154 0271 32 0.15 9 178 3 0.048 630 444 137 - 0.708991 21.3
Southern Basin ' ' _ o ’ :
17S/ME-ID1* 180’ (southern basin) 94.5 ) 9/7/1997 ) 18.7 74 94 30 32 3.1 00080 '0.525 27 0.2 . 148 228 - 6 0.115 -5.36 -385 -13.0 ' 0.710080
158/3E-25L1* 180’ (southern basin) 1195 40.5-46.3* 977/1997 17.1 75 .88 31 37 34 00081 0516 27 . 0.24 139 220 . 12 0.152 496 378 -131 229 0.709655
16S/4E-25Q1* 180 {southern basin) : 97771997 174 7.1 72 27 56 3 0.0071 0446 30 0.12 118 222 1] 0.169 -4.89 -37.4 -126 . 0.709288
21S/9E-21T52* " shallow (southern basin) 305 15.2-27.4 13/6/1997 17.3 ’ ) 0.0121 61 130 3 0.265 -5.40 -42.0 0.709001
(San Lucas #4) ’ . ) ’ ’ :
21S/9E-21T51* . shallow (southern basin) 30.5 152-274 13/6/1997 184 69 26 67 2.1 00138 124 123 169 1 0477 -5.50 447 o 0.709053
(San Lucas #5) ' : ' : ‘
Surface water . . )
Lake Nacimiento lake water : 15/5/1997 . 21 24 7- b 00034 1 24 81 1 0.026 0.708502
Lake Nacimiento Qutflow-below dam ’ 7 13/6/1997 11.9 : 1.008 4 . 31 1 -6.23 -41.7 0.708870
Lake San Antonio lake water 15/511997 29 12 . 12 2 0.0038 . 7 49 87 3 0.020 - 0710165
Lake San Antonjo Outflow-below dam - : 13/6/1997 4 - 1.048 13 ’ 56 1 -5.42 -430 0.710192
Lake San Antonio " down stream 13/6/1997 - 17.5 * 8 54 1 -5.46 -43.6 0.710233
Salinas River San Lucas Bridge ’ 13/6/1997 235 v 0.0048 * 13 51 1 0.081 -5.77 -43.5
Salinas River San Ardo Bridge ’ 13/6/1997 23 : 0.0038 * 7 44 0 0.037 -5.88 -41.7 0.709059
Salinas River Gonzales River Bridge 9/7/1997 . 265 -8.3 40 16 19 2.1 00062 0276 16 67 120 3 0.085 -4.70 -35.5 145 0.709078
Salt-water intrusion . - ’ } : :
145/2E-20B1* 400 106.7 79.2-103.6 . 31/1/1997- ’ 392 124 470 112 2268 1702 214 63 40 . . 0.709634
* 14S/2E-20B1* 400 i 106.7 79.2-103.6 . 5/11/1996 19.5 72 410 126 450 11.6 0.0257 2315 1670 5.35 212 62 40 0203  -6.02 . 32.6 0.709535
14S/2E-15L2* 180 ‘ 613 45.1-59.4 77111997 17.8 7.4 309 105 193 ° 94 . 00316 2045 973 3.44 141 148 1 0.245 -6.60 -47.7 240 0.709262
13S12E -34M2* 180 o 51111996 165 7.0 273 89 118 54 00290 0859 726 206 113 205 0 0119 624 : 311 0.708760
145/2E-14L2* 180 7381 5/11/1996 19.5 75 217 82 98 58 00285 1.153 650 2.12 58 142 3 0.104 -6.58 253  0.708997
148/3E-18E3** 260", shallow . TT792 ) 70.1-76.2 217171997 19 73 126 48 109 28 00209 0936 389 0.83 17 166 1 -0.097 -5.72 ) 119 0.708714
1452E-11C1* 180 ] A 50.3-67.1 87711997 20.5 69 303 - 105 136 57 00214 593 122 206 398 186 0.146  -5.69 -43.6 -17.4 382 0.709210 = 934
13S12E -34N1* 180° : 5/11/1996 - 155 13 219 93 144 58 00271. 1117 400 0.93 230 399 154" 0.139 -5.69 26.5 0.709013 -
145/72E -03F2* 180° 1357 28.6-35.7 4/11/1996 18 7.2 168 15 260 59 00276 1001 254 0.68 158 393 447 . 0.260 531 247 0.708945
High nitrate . : . :
145/72E-11A3** 100", perched - 30.5 18.3-274 21/171997 185 6.8 107 61 78 2.5 00127 0959 118 028 299 205 53 0.194 . -6.49 7.9 0.708207 85.1
14S2E-11A3** . 100", perched . 305 - 183-274 71111997 18.9 110 56 76 2.4 Q.Ol46 0.808 156 031 262 208 53 0.216 -6.21 -42.6 -20.1 190 0.708199
158/3E-1332* 180" . 115.8 108.5-115.8 97111997 17.4 7 104 53 101 35 00163 150 0.46 135 284 97 0.238 -6.3 -170 313 0.708951 98.4 .
15S/4E-23M1* 180 . 87111997 18.7 6.9 70 38 71 2.1 00171 0454 115 0.7 56 96 <218 0.035 -6.08 -449 -235 338 0.709674 722
15S/M4E-TR1* 180' 533 .20/5/1997 19 7.3 103 44 139 4 0.0169 0.661 125 0.42 126 139 457 0.095 575 423 351 0.709332
Azevedo Top** perched - . 2/5/1997 18.9 64 107 49 69 10 00081 0916 113 5.73 301 37 239 0.095 -5.69 -40.8 ’ 365  0.707634
" Azevedo Middle** ) perched . 2/5/1997 18 61 91 48 70 48 00080 078 114 522 271 15 199 0.076 -5.56 -39.0 _ 0.707540

Azevedo Bottom** perched . 2/5/1997 . 17 6.2 143 57 68 116 00027 1294 163 2.69 343 13 311 0.140 -5.50 -394 - . 0.707678
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*  * Production well
* - ** Monitoring well

0.0166

41

0.19

Well aquifer/site Well depth Screen Date T pH Ca Mg Na K Li Sr Cl Br S04 HCO3 NO3 B D 8% &'"'B  Fse/sr Mc
) (m) interval (m) Fo) (B (%) (%o (PMC)

South valtey . ' . . ’

20S/8E-5R3* 180° . 106.7 ) 10/4/1997 19 72 140 58 250 4.8 00784 1474 285 0.97 415 279 39 1.220 -5.61 -44.7 231 0.708831

20S/9E-26N1* 30 ' 96.3 57.3-88.4 10/4/1997 25 6.9 372 206 500 27 0.4954 * 558 246 1929 163 | '1.680 -5.95 -5 238 0.708524

Carter Ranch 1* (San 60" 10/4/1997 19.5 74 411 17 500 24 0.3748 2.67 549 222 1716 145 38 1711 - -594 -49.3 305 0.708398 .

Lucas) ’

Banana Belt . Co '

14S/2E-26P1* 180 . 20/5/1997 21 7.1 226 - 80 113 5 00015 1437 345 1 386 275 3 0.170 -6.72 -48.8 "211 0.709394 -

148/2E-25D4* 180" . 259 4/11/1996 . 18 73 213 74 141 6.3 0.0281 1.168 316 1.05 mn 373 3 0.349 -6.29 - . 303 0.708937

14S/3E-30E1* 180 20/5/1997 204 7.1 156 61 200 5 0.0019 0904 238 0.6 357 365 73 0.407. 577 -42.7 299 0.709010

14S/3E-30N1* 180 62.5 21/541997 20.5 7.6 166 64 170 6 0.0021 1.008 190 078 372, 366 98 0.426 - -5.88 -44.5 245 0.708915

14S/2E-36E1* 180 60.4 o197 194 70 189 56 133 7.6 - 00194 1048 164 066 457 374 4 0423 635 454 -151 334 0710001 840
" 15SR2E-12C1* - 180' - - 555‘* 20/5/1997 19 74 140 47 91 . 5 0.0015 0919 128 0.47 307 304 23 0.234 -6.26 -43.7 15.2 0.709803

16S/5E-3C1* 180 » 1021 - 10/4/1997 17.5 78 113 42 70 3 0.0147 0.665 48 0.17 267 288 13 0.238 -5.77 -44.8 237 0.709002

158/3E -04K3* 400 4/11/1996 19.5 1.7 88 27 64 4.1 0477 179 235 i 0.184 -6.17 . 17.6 - 0.709231




¥

Li/Cl

SO4/CH

Br/Cl

B/CH

Well aquifer/site Cl Na/Cl Ca/(SO,+HCO;) Mg/Cl Ca/Cl © K/CI NO,/Cl
(x10°%) (x10°)

Ground fresh water ’

Northern Basin

14S/2E-11A2 180" Northem basin) 28 1.76 0.70 0.73 1.52 0.074 0.0010 .0.07 1.43 4.10 0.020

14S/2E-11A2 180" Northern basin) 25 1.73 0.66 '0.82 1.63 0076 0.0009 0.12 2.66 3.82 0.069

145/2E-11A4 400, deep’ 37 17 0.66 0.51- 1.03 0.074 0.0024 0.09 0.60 434 0.046

145/2E-11A4 400, deep 32 1.73 0.63 .0.55 1.08 0062 0.0025 0.10 2.08 497 0.054

Southern basin - .

17S/4E-1D1 180" (Southern basin) 27 1.83 1.26 162 . 308 0.104 0.0015 2.02 3.29 139 0.127

15S/3E-25L1 180" (Southern basin) 27 2.11 1.22 1.67 2.89 0.114 0.0015 1.90 394 18.5 0.254

16S/4E-25Q1 180" (Southermn basin) 30 2.88 0.99 1.31 212 0091 0.0012 145 1.77 18.5

218/9E-21T52(San Lucas #4) _ shallow (southern 61 0.0010 0.79 14.2 0.028
basin} V

215/9E-21T51 (San Lucas #5)  shallow (southern 124 0.83 . 1.24 031" 049 0.015 0.0006 0.37 12.6 0.005
basin) :

Surface water

Lake Nacimiento lake water 1 10.80 0.79 3501 1859 0907 00172 8.86 84.5 0.572

Lake Nacimiento - Qutflow-below dam 4 ) . : 2.86 0.143

Lake San Antonio lake water - 7 2.64 1.02 2.50 367 0259 0.0028 2.58 9.6 0.245

Lake San Antonio Qutflow-below dam I : 1.88 0.052

Lake San Antonio down stream 8 2.49 . 0.071

Salinas River San Lucas Bridge 13 00019 -~ 145 204 0.044

Salinas River San Ardo Bridge 7 10.0028 232 17.6

Salinas River Gonzales River 16 1.83 1.02 1.46 221 0.119 00020 155 17.4 0.107
Bridge

Salt-water intrusion

145/2E-20B1 400 1702 0.43 3.57 0.1 020 0.006 0.0000 0.05 . 0013

14S/2E-20B1 400 1670 0.42 3.77 0.11 022 0.006 0.0001 0.05 1.42 0.39 0.014

14S/2E-15L2 180" 973 0.31 2.88 0.16 0.28  0.009 0.0002 0.05 1.57 0.83 0.001

13$2E -34M2 180" 726 0.25 2.39 0.18 0.33 0007 0.0002 0.06 1.26 054 - 0024

14S/2E-14L2 180" 650 0.23 . 3.07 0.18 030 0008 0.0002 . 0.03 145 0.52 0.003

14S/3E-18E3 " 260, shallow 389 0.43 2.05 0.18 029  0.007 0.0003 0.02 0.95 0.81 0.001

14S72E-11C1 180" 593 0.35 1.40 0.26 045  0.009 0.0002 0.13 0.91 0.81 0.179

138/2E -34N1 180" 400 0.56 0.97 0.34 048  0.013 0.0003 0.21 1.03 1.14 0.220

14S12E -03F2 180" 254 1.58 0.86 0.43 059 0021 0.0006 0.23 1.19 3.36 - 1.006




o

AN

" Well

aquifer/site Cl Na/Cl Ca/(SO,#HCO;) Mg/Cl Ca/C1  K/C1 Li/Cl $0,/Q) Br/Cl B/Cl NO,/CI
x107) (x10 :

High Nitrate . :
14S/2E-11A3 100", perched 118 1.02 0.56 0.75 0.80  0.019 0.0005 0.94 1.05 5.39 0.257
145/2E-11A3 100", perched 156 0.75 0.62 0.52 062 0014 0.0005 0.62 0.88 4.54 0.194
158/3E-1312 180" 150 1.04 0.70 0.52 0.61 0.021 © 0.0006 . 033 1.36 519 0.370
15S/4E-23M1 180° 115 0.95 1.28 0.48 054 . 0017 0.0008 0.18 2.70 0.98 1.084
158/4E-7TR1 180 125 1.7 1.05 0.51 073 0.029. 0.0007 037 1.49 2.50 2.091
Azevedo Top perched 113 0.94 0.78 0.63 084 0080 0.0004 098 22.5 © 276 1.209
Azevedo Middle perched 14 0.95 0.77 0.61 0.71 0.038  0.0004 0.88 203 2.19 0.998
Azevedo Bottom perched 163 0.64 097 0.51 078  0.065 0.0001 .0.78 7.32 2.82 1.091
High sulfate south valley .
20S/8E-5R3 180 285 135 0.53 0.30 043 0015 0.0014 0.54 1.51 14.0 0.078
20S/9E-26N1 30 558 1.38 043 0.54 0.59 0.044 0.0045 1.28 1.96 9.87 0.001 .
Carter Ranch 1 (San Lucas) 60 549 1.40 0.54 - 031 0.66 0.040 0.0035 115 1.79 10.2 0.040
Banana Belt
14S/2E-26P1 180 345 0.51 0.90 0.34 0.58  0.013 0.0000 0.41 1.29 1.62 1 0.005
14S/2E-25D4 180 316 0.69 0.77 0.34 0.60 0018 0.0005 0.43 1.47 3.62 0.005
145/3E-30E1 180 238 1.30 0.58 0.37 0.58  0.019 0.0000 0.55 112 561 0.175
14S/3E-30N1 180" 190 1.38 0.60 0.49 077 0.029 0.0001 0.72 1.82 7.34 0.295
14S/2E-36E1 180 164 1.25 0.60 - 0.50 1.02 0042 0.0006 1.03 1.79 8.45 0.014
158/2E-12C1 180 128 1.10 0.61 0.54 097  0.035 0.0001 0.89 . 1.63 5.99 0.103
165/5E-3C1 180 48 2.25 0.55 1.28 208 0.057 0.0016 2.05 1.57 16.3 0.155
15S/3E -04K3 400" 41 241 0.58 0.96 1.90 0.091 0.0021 1.61 2.06 14.7 0.014



‘He

Initial

_sample *He/'He Ne Ar “He .. *‘H viaNe . | trit *He +- *H +- *H-*He + ‘He/Ne | Ar/Ne

' : age *H .
(atm/g) (at/at) (at/g) (atm/g) | (atm/g) | (pCi/L) (cm’STP/g) | (atm/g) | (atm/g) | (atm/g) | (atnv/g) | (years) | (years) | (pCi/L) (at/at) (at/at)
| w10 | x10%) ] x10% | (10" | x10') =10 | x100) | x10%). ] x10% ' (x10%
14S/02E-11A02 2.18 1.32 8.40 1.27 1.14 10.0 0.0063 0.45 0.58 2.10 234 .35 4.1 12.2 2.6 1.52
14S/02E-11A03 1.72 1.40 7.28 1.15 -0.54 72 0.0040 0.59 0.48 1.51 2.22 59 1 42 10.0 2.36 1.58
14S/02E-36E01 1.54 1.28 493 |. 094 4.14 38 -0.0008 5.90 0.39 7.94 2.13 382 .| 44 32.0 3.13 1.91
158/04E-23M01 4.54 1.41 172 |- 112 -0.80 7.3 0.0242 1.31 1.28 1.52 2.22 11.1 8.2 13.5 2.64 1.00
16S/04E-25Q01 1.71 1.49 7.33 1.12 -0.86 126 0.0041 2.03 0.51 2.63 247 10.2 2.1 223 234 1.53
14S/02E-11C01 1.75 1.39 6.88 111 0.88 73 0.0032 1.80 0.49 1.52 2.22 14.0 3.0 15.9 2.54 1.62
17S/02E-01D01 1.65 1.69 6.14 0.99 1.73 19.0 0.0017 8.62 0.56 3.97 2.88 20.7 1.2 60.2 2.70 1.63
15S/03E-13J02 1.66 1.47 6.88 1.15 0.07 538 0.0032 1.84 "0.49 1.20 2.17 16.6 3.5 146 2.41 1.67
2.18 1.43 8.85 1.24 17.3 0.0072 1.33 0.62 3.62 2.77 5.6 2.3 23.7 2.46 1.40

15S/03E-25L.01

Table 3

-0.49




